Background: Elayta
Introduction
Alzheimer's disease (AD) afflicts approximately 6 million people in the United States [1], a number that is expected to more than double by 2050 [2] . As the sixth leading cause of death in the United States [3] , disease-modifying therapies for AD continue to be a huge unmet medical need. Such therapeutics have potential to substantially reduce morbidity, mortality, and health care expenditures for patients with AD (total 2018 payments estimated at $277B) [1] as well as lessen disease burden for families and caregivers.
Cognition Therapeutics Inc. (CogRx) has discovered a highly brain penetrant, first-in-class drug, Elayta (CT1812), that displaces Ab oligomers (AbOs) bound to neuronal receptors at synapses. CT1812, a lipophilic isoindoline formulated as a fumarate salt, works similarly to a related class of compounds which have high affinity and specificity for the sigma-2 receptor complex, a key regulator of oligomer receptors [4, 5] . Binding allosterically to the sigma-2 receptor complex, this family of molecules destabilizes the AbO binding site, increasing the off-rate of AbOs, which are cleared into the cerebrospinal fluid (CSF). In preclinical models, CT-family compound receptor occupancy at or exceeding 80% prevents downstream synaptotoxicity and restores memory in aged transgenic mouse models of AD [4, 5] .
There are no approved AD therapeutics specifically targeting AbOs, although they are often regarded the most neurotoxic structural form of the Ab protein [6, 7] . Symptomatic treatments that are available for AD only transiently slow cognitive decline [8] , and prior clinical investigation of small molecule inhibitors and modulators of the g-secretase and b-secretase enzymes that cut Ab from its full-length precursor have not shown significant clinical efficacy [9] [10] [11] . Monoclonal antibody approaches targeting Ab clearance also remain to be proven [12] [13] [14] .
This article describes a first-in-man, double-blind, placebocontrolled phase 1 clinical study to test the safety, tolerability, and pharmacokinetics of CT1812 in healthy subjects.
Materials and methods

Study design
A two-part phase 1, randomized, double-blind, placebocontrolled study of CT1812 was conducted in healthy young and elderly subjects: a single ascending dose (SAD)/foodeffect study (part A) and a multiple ascending dose (MAD) study (part B). The primary endpoint was safety and tolerability. Secondary objectives included plasma pharmacokinetics (PK) in parts A and B. CSF samples were also collected in the MAD study for analysis of PK and PD biomarkers. Cognitive testing was included in the elderly cohort in part B as part of the safety assessment. Safety was assessed after completion of each cohort before ascending to the next dose level. The SAD/food-effect and MAD studies were conducted at Nucleus Network, Royal Alfred Hospital, Melbourne, Australia.
Part A was a single ascending dose cohort study in which healthy, young subjects (less than 65 years old) received one dose of study drug in the morning after an overnight fast. Cohort dosing started at 10 mg and increased to 30 mg, 90 mg, 180 mg, 450 mg, and 1120 mg in subsequent cohorts. Six drug-treated and two placebo-treated subjects were randomized in each cohort. A seventh cohort of six subjects each received a single 90 mg dose of drug 30 min after a meal. After completion of all safety assessments and blood draws for PK analyses, subjects were discharged on day 3.
In part B, healthy young subjects in each cohort received the same dose once daily for 14 days after overnight fasting. Cohort dosing started at 280 mg, followed by 560 mg and 840 mg in subsequent cohorts. In each cohort, eight subjects received drug and two received placebo. A fourth cohort of healthy elderly subjects (65 years old) received a 560 mg dose vs. placebo daily for 14 days (seven active, two placebo).
Subjects were dosed in the morning with 240 mL of water after an 8-hour fast, and remained in a semireclined position for 1 hour and fasting for 2 hours after administration, except for the fed cohort in part A. Subjects in each MAD cohort were confined to the clinical facility from check-in on day 0 until the pharmacokinetic sample was collected on day 16, 48 hours after administration of the last dose on day 14. Subjects returned to the clinical facility for follow-up visits on days 24 and 35.
Participants
Healthy male and female subjects (determined by history, examination, and laboratory) were enrolled, with young subjects aged 18 to 64 years and elderly subjects aged 65 and 75 years. Female subjects must have been postmenopausal or surgically sterile. A history of acute/chronic hepatitis B or C and/or serology consistent with being a carrier of hepatitis B or HIV infection was exclusionary. All prescription, over-the-counter, and herbal medications were prohibited within 10 days of study dosing (with the exception of nasal steroids, ocular medications, and paracetamol 1000 mg/day at the discretion of the investigator). Any contraindication to undergoing a lumbar puncture was also exclusionary for subjects undergoing CSF collection in part B.
The study protocol was approved by the Human Research Ethics Committee at the Alfred Hospital, Melbourne, Australia, and was conducted in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines. All subjects provided written informed consent before participating.
Pharmacokinetic assessments
In part A, blood draws for assessment of PK parameters occurred before dose and at 15, 30, 45, 60, and 90 minutes after dose, as well as at 2, 3, 4, 8, 12, 24, 36 , and 48 hours after dose. Subjects in cohorts 5 and 6 had an additional sample drawn 72 hours after dosing. In part B, blood samples for plasma PK analysis were taken on day 1 before dose and at 2 hours after dose; on day 3 before dose and at 15, 30, and 45 minutes and 1, 2, 3, 4, 8, 12, and 24 hours after dose; on days 4, 6, 8, and 10 before dose and at 1.5 hours after dose and after the final dose on day 14 before dose and 15, 30, and 45 minutes and 1, 2, 4, 8, 12, 24, 36, and 48 hours after dose. CT1812 concentrations in plasma samples were quantified using a validated liquid chromatography method with tandem mass spectrometric detection. Plasma concentrations for each dose level following single and repeated oral doses of CT1812 were used to determine PK parameters using noncompartmental methods, including: C max -maximum concentration, T max -time to maximum observed plasma drug concentration, AUC 0-t , AUC 0-inf , and AUC 0-24 (after multiple dosing)-area under the curve, CL/F-apparent drug clearance after a single oral dose, CLss/F-apparent drug clearance after an oral dose at steady-state, l z -terminal phase rate constant, t ½ -terminal half-life, and time to reach steady state.
In part B, CSF samples (approximately 10 mL) were drawn from the 560 mg and 840 mg healthy young cohorts with a single lumbar puncture on day 7 or 9 of treatment at 1.5 hr after the morning dose (approximate plasma T max ).
Cognitive testing
The Alzheimer's Disease Assessment Scale-Cognition Subscale and a cognitive battery (including the category fluency test, controlled word association test, WMS-R digit span, digit symbol substitution test, and Rey Auditory Verbal Learning Test) were administered to subjects in the elderly cohort at the baseline and on day 14.
Safety assessments
Safety variables, including incidence of adverse events (AEs), vital signs, clinical laboratory findings, 12-lead electrocardiographs, physical examination, and affective and cognitive measures (part B only), were summarized for all subjects who received study drug.
Statistical analysis
No formal statistical determination of cohort size was conducted; however, the number of subjects used is considered sufficient to explore safety in an early clinical study. Pharmacokinetic parameters of plasma CT1812 were summarized by treatment, using descriptive statistics.
The analysis included the effect of food on bioavailability (part A, cohort 7 fed dose compared with cohort 3 subjects administered the same dose in the fasted state) and the effect of age on CT1812 PK (part B, cohort 5 subjects aged at least 65 years [elderly] compared with cohort 2 subjects aged up to 64 years [young]). These were assessed by analysis of variance of log-transformed C max , AUC 0-24 , AUC 0-48, and/or AUC 0-inf , using a model with factors for treatment (fed status or age [young vs. elderly] status) and subject within sequence. Treatment mean differences and 90% confidence intervals of the log-transformed PK parameters were back-transformed to present the geometric least-squares means ratios and 90% confidence limits. Determination of time to steady state for CT1812 in part B was performed using Helmert contrasts in analysis of variance of predose trough concentrations on days 3, 4, 6, 7, 8, 9, 10, and 14, and the concentration at 24 hours after dose on day 15. Dose proportionality was investigated using the power model, determined by regression of logtransformed parameters and dose level, parameter 5 a * dose b .
Results
Demographics and disposition of subjects
A total of 93 subjects participated in the study. In the SAD phase, a total of 54 subjects were enrolled and randomized to treatment. Subjects were predominantly male (70%) and Caucasian (85%), with a median age of 26 years (range 19-55 years) (Supplementary Table 1 ). In the MAD phase, a total of 39 subjects were enrolled and randomized to treatment. In the 3 young cohorts, subjects were predominantly male (77%) and Caucasian (87%), with a median age of 28.5 years (range 19-60 years). In the elderly cohort, 9 subjects were treated (7 CT1812, 2 placebo), as one subject withdrew before dosing. The elderly subjects were all Caucasian and 55% male, with a median age of 69 (range 64 to 73) years (Supplementary Table 2 ).
Pharmacokinetic results
In part A (SAD), median CT1812 T max values in plasma peaked at 0.88 to 1.5 hours (Fig. 1, Table 1 ). C max and AUC increased slightly greater than dose proportionally after single dose administration from 10 mg to 1120 mg. Consistent with this, the clearance value CL/F showed a slight but steady downhill trend with increasing dose (Table 1) . The apparent mean half-life ranged from 11.1 to 14.0 hours. After administration of a single 90 mg oral dose, the geometric least-squares mean for C max , AUC 0-48h , and AUC 0-inf were approximately 40%, 20%, and 20% lower, respectively, at a dose of 90 mg under fed conditions compared with those observed in the fasted state. These differences were not considered clinically significant.
In part B (MAD), CT1812 T max values in plasma peaked at 0.88 to 2.0 hours (Fig. 1, Table 1 ). The PK parameters that reflect systemic exposure (C max and AUC) increased slightly greater than dose proportionally from 280 to 840 mg, which was reflected by a slight but steady downhill trend in CLss/F with increasing dose (Table 1) . Steady state was reached by approximately day 3 or day 4 of once daily dosing. Average terminal half-life was approximately 12 hours at steady state, which is consistent with that observed after a single dose in part A.
On day 3 of part B, geometric least-squares mean C max and AUC 0-24h values in the aged cohort (.65 years old) that received a daily dose level of 560 mg CT1812 were approximately 1.7-and 1.34-times higher compared with subjects under 65 years of age, respectively. The trend continued to day 14 (steady state), with the C max and AUC 0-24h in the aged cohort (65 years old) exceeding that of younger subjects (64 years) by 1.6-and 1.5-times, respectively. CT1812 was measurable in CSF at 1.5 hr after dose on day 7 to day 9 in all subjects who received CT1812 daily at dose levels of 560 mg and 840 mg. Mean (6SD) levels of CT1812 in CSF were 8.0 (64.3) and 23.3 (615.6) ng/mL for 560 mg and 840 mg, respectively (Fig. 2) .
Safety results
3.3.1. Safety summary for SAD phase Treatment-emergent AEs were reported for 18 of 42 subjects (43%) after single dose administration of CT1812 and 2 of 12 subjects (17%) after administration of placebo (Table 2 ). There were no deaths or other serious AEs.
Most AEs (23 of 30, 77% of all AEs) were classified as mild in severity, with 7 AEs (23%) classified as moderate in severity (catheter site swelling, vomiting, nausea, vaccination site reaction, dysmenorrhea, and headache [2 AEs]). No AEs were classified as severe.
There were no subjects with clinically significant laboratory results in the SAD part of the study. All clinical laboratory results outside of the normal range were deemed not clinically significant. There were no marked differences by treatment (CT1812 vs placebo) or apparent dose-dependent trends in clinical laboratory results. No electrocardiograph parameters or changes were assessed as clinically significant.
Safety summary for MAD phase
Treatment-emergent AEs were reported for 25 of 31 subjects (81%) after multiple dose administration with CT1812 and 6 of 8 subjects (75%) after multiple dose administration of placebo (Table 3) . One serious AE was recorded in part B (MAD); a subject receiving 840 mg CT1812 was hospitalized for a respiratory picornavirus infection deemed unrelated to study treatment. There were no deaths.
A total of 82 AEs were reported, with most (67 of 82, 82% of all AEs) classified as mild in severity, 14 AEs (17%) as moderate in severity, and one (1%) as severe. Qualitatively, there was no trend of increasing AE frequency with dose, with the exception of vomiting, where the two instances with active drug occurred at the 840 mg dose for an incidence of 25%. One subject in the placebo group experienced vomiting (17%).
Four subjects in the MAD study showed an increase in liver function tests below 3! the upper limit of normal (including one subject on placebo). One subject developed a rash while on study drug, which showed improvement after discontinuing CT1812. There were no marked differences by treatment (CT1812 vs placebo) or apparent dosedependent trends in clinical laboratory results. No electrocardiograph parameters or changes were assessed as clinically significant.
Cognitive testing
To ensure there were no deleterious effects on cognitive function in subjects given CT1812, cognitive testing was performed on the healthy elderly cohort receiving 560 mg of CT1812 per day before initiation of dosing and at the end of the study. Alzheimer's Disease Assessment ScaleCognition Subscale scores at day zero were 10.23 6 2.57 (SD) and were similar after day 14 of dosing (10.03 6 4.24). Results were also similar between day zero and day 14 on the other cognitive tests (Supplementary Table 3 ).
Discussion
CT1812 was safe and well tolerated in healthy subjects over the dose range tested. In both parts (SAD and MAD), AEs were generally mild and included headache and GI disturbances. Plasma concentrations of drug increased slightly greater than dose proportionally across two orders of magnitude in part A, and across a three-fold increase in dose in part B. CT1812 levels assayed in CSF at peak plasma concentrations revealed dose-dependent increases in CT1812.
CT1812 levels in the CSF confirm that CT1812 penetrates the blood-brain barrier in humans, and extrapolations from mouse studies suggest that human doses administered once daily result in target concentrations that exceed the expected minimum concentration required to improve memory in mice (i.e., the concentration associated with .80% receptor occupancy). At the 560 mg dose, CSF CT1812 levels reached those associated with 97-98% receptor occupancy in transgenic mouse brain [4, 5] . At the 840 mg dose, CSF levels reached those associated with 98% receptor occupancy. Although no differences in CSF CT1812 concentrations are expected between patients with AD and age-matched cognitively normal individuals, future confirmatory studies will measure CSF levels of CT1812 in patients with AD. One additional cohort was given 90 mg of CT1812 after a meal to compare PK in the fed vs. fasted state, and there was no significant difference in CT1812 exposure based on AUC.
CT1812 is a novel, brain penetrant small molecule antagonist that prevents binding of AbOs to neuronal receptors. This drug candidate was safe and well tolerated in healthy subjects in this phase 1 trial, mitigates downstream synaptotoxicity, and restores memory to normal in aged transgenic mouse models of AD [4, 5] . CT1812 prevents and displaces AbOs through selective allosteric antagonism of the sigma-2 receptor complex, which, in turn, regulates the affinity of AbOs to their receptor protein [4, 5] . CT1812 decreases the affinity of bound AbOs to their receptor, causing their release and subsequent clearance from the brain. Importantly, this allosteric inhibition of binding by CT1812 is not likely to be overcome by high AbO concentrations in later stages of the disease, as might occur with a competitive antagonist. As AbOs are likely neurotoxic throughout the course of AD, CT1812 may be effective in patients with symptomatic AD, whereas other therapeutics may be less effective in treating established disease.
AD is a complex disease that likely will require multitargeted treatment [15] . Some current experimental approaches may eventually prove to be effective. However, these approaches will likely not completely ameliorate the negative effects of increasing concentrations of toxic AbOs that likely contribute to ongoing disease progression. CT1812, with its unique ability to decrease the affinity of bound AbOs to their receptors and clear them from the brain, may have potential to address this therapeutic gap. Because of its unique mechanism of action (by displacing oligomers and preventing their rebinding), CT1812 could shield synapses, allowing fibril-clearing therapeutics to operate more effectively, potentially at lower doses with fewer side effects and be effective alone and throughout the disease course, from early Table 2 Summary of treatment-emergent adverse events in the SAD study Preferred terms reported in more than 2 subjects Number of subjects (%) with treatment-emergent AE All TEAEs 2 (33%) 4 (67%) 2 (33%) 4 (67%) 4 (67%) 2 (33%) 18 (43%) 2 (17%) 20 (37%) Nervous system disorders Headache 3 (50%) 1 (17%) 1 (17%) 1 (17%) 6 (14%) 1 (8%) 7 (13%) Gastrointestinal disorders Nausea 1 (17%) 2 (33%) 3 (50%) 6 (14%) 6 (11%)
Abbreviations: SAD, single ascending dose; TEAEs, treatment-emergent adverse events. Table 3 Summary of treatment-emergent adverse events in the MAD study Preferred terms reported in more than 2 subjects
Number of subjects (%) with at least one treatment-emergent AE Upper respiratory tract infection 5 (63%) 1 (13%) 2 (25%) 2 (33%) 8 (26%) 2 (25%) 10 (26%) Nervous system disorders Dizziness 1 (13%) 1 (13%) 1 (14%) 3 (10%) 3 (8%) Headache 2 (25%) 1 (13%) 4 (50%) 1 (17%) 3 (43%) 10 (32%) 1 (13%) 11 (28%) Gastrointestinal disorders Dyspepsia 1 (13%) 1 (13%) 1 (13%) 3 (10%) 3 (8%) Nausea 1 (13%) 1 (13%) 1 (17%) 2 (6%) 1 (13%) 3 (8%) Vomiting 2 (25%) 1 (17%) 2 (6%) 1 (13%) 3 (8%) Musculoskeletal and connective tissue disorders Back pain 1 (13%) 1 (17%) 1 (14%) 2 (6%) 1 (13%) 3 (8%) General disorders and administration site conditions Catheter site phlebitis 1 (13%) 1 (13%) 1 (17%) 2 (6%) 1 (13%) 3 (8%) Injury, poisoning and procedural complications Procedural pain 4 (50%) 2 (25%) 2 (33%) 6 (19%) 2 (25%) 8 (21%)
Abbreviations: MAD, multiple ascending dose; TEAEs, treatment-emergent adverse events.
to more advanced stages of illness involving substantial synaptic/neuronal impairment. We are currently conducting phase 2 clinical trials to test this.
